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Total caloric restriction (CR) without malnutrition is a well-established experimental 
approach to extend life span in laboratory animals. Although CR in humans is capable of 
shifting several endocrinological parameters, it is not clear where the minimum inflection 
point of the U-shaped curve linking body mass index (BMI) with all-cause mortality lies. The 
exact trend of this curve, when used for planning preventive strategies for public health is 
of extreme importance. Normal BMI ranges from 18.5 to 24.9; many epidemiological stud- 
ies show an inverse relationship between mortality and BMI inside the normal BMI range. 
Other studies show that the lowest mortality in the entire range of BMI is obtained in the 
overweight range (25-29.9). Reconciling the extension of life span in laboratory animals 
by experimental CR with the BMI-mortality curve of human epidemiology is not trivial. In 
fact, one interpretation is that the CR data are identifying a known: "excess fat is deleteri- 
ous for health"; although a second interpretation may be that: "additional leanness from a 
normal body weight may add health and life span delaying the process of aging." This short 
review hope to start a discussion aimed at finding the widest consensus on which weight 
range should be considered the "healthiest" for our species, contributing in this way to 
the picture of what is the correct life style for a long and healthy life span. 
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INTRODUCTION 

That moderation is a wise choice if we are concerned with health 
is an idea that has been handed down across cultures. The Japan- 
ese philosopher Kaibara Ekiken wrote about diet, advocating for 
moderation in food intake for better health as early as 1713. Scien- 
tifically, the first report on the health benefit of CR dates back to a 
study by McCay and colleagues in 1 93 5 ( 1 ). In their report, extreme 
restriction in food intake retarded development in rats such that 
rats fed a restricted diet never achieved the adult weight of their 
unrestricted counterparts. Although smaller, these animals were 
longer lived. The life-prolonging effect of CR is more profound 
when restriction is started soon after weaning and carried out for 
the entire life of the animal. Nonetheless, if started in adulthood, 
so as not to effect development, the effect of CR is smaller but 
still highly significant (2). Life extension by CR seems universal, 
much less clear is the magnitude of life extension that varies widely 
among different orders (3). Recently, using a set of 41 recombinant 
inbred mouse strains originally developed for alcoholism research, 
Liao et al. (4) have challenged the universality of CR even in mice, 
which together with rats are by far the mammals more utilized in 
CR studies. A more universal phenomenon is the decrease in body 
weight that is associated with CR. When CR is started early after 
development, weight of CR mice ranges from -60 to -85% of the 
ad libitum weight (5). Weight loss is the result of both lean and fat 
mass loss, although variation in fat loss is the component mostly 
responsible for the high variation observed in weight loss among 



different strains (6). Humans are not different. If an adult will 
choose to calorically restrict its own diet, leaving everything else 
in its life style unchanged, the more consistent observable result 
will be a decrease in body weight. 

The relationship between adult body weight and health in 
human is of extreme importance in our contemporary world. At 
present, a rough estimate of the "globesity" epidemic suggests that 
about one of every seven people is obese, two are overweight, 
and one is suffering from undernutrition (often of micronutri- 
ents). The body mass index (BMI), or Quetelet index, named after 
its founder Adolphe Quetelet (7), is the ratio of a person's mass 
(kilogram) to height squared (meter square) and is a widely used 
parameter for determining human body shape. In analysis of epi- 
demiological data, the relationship between all-cause mortality 
and BMI gives a U-shaped curve indicating that extreme lean- 
ness as well as obesity tends to associate with increased mortality 
(Figure 1). As previously suggested, mortality data are more easily 
interpreted when translated into years of life lost or gained (8) 
and increased mortality of course means shorter life span. This 
review will examine the knowledge gained from CR experiments 
and attempt to reconcile these data with information gained from 
epidemiological studies in humans. 

The focus here will be exclusively on body weight and on its 
relation to optimal health. With a given body weight of course, 
other factors are potentially very relevant in modulating health 
and life span, for example, diet composition and physical activity 
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FIGURE 1 | U-shaped curve showing the relationship between 
all-cause mortality and body mass index (BMI) in man. The curve was 
drawn using data from the Prospective Studies Collaboration et al. (9). For 
an explanation regarding the legend box and colored arrows, see the last 
paragraph. 



levels [see e.g., Ref. (10, 11) respectively]. Factors, these two just 
mentioned, that can contribute to health and life span indepen- 
dently from body weight and that are also capable, however, of 
modulating body weight and body composition profoundly. 

We will first examine growth and longevity studies followed 
by an examination of lean body mass and longevity in several 
species used for experimental studies such as rodents. This infor- 
mation will be related to CR studies in primates, and finally to 
epidemiological data in the human population. 

GROWTH AND LONGEVITY 
GROWTH AND LONGEVITY IN ANIMALS 

Species with greater adult body mass tend to be longer lived 
than species with smaller adult body mass, more precisely, with 
every doubling of species body mass, there is, on average, a 16% 
increase in maximum species life span ( 1 2 ) . Within a single species, 
instead, and inverse relationship exists between body weight and 
lifespan. Citing the title of a study published by Miller and col- 
leagues on this subject, we can say that in outbred mice, "big 
mice die young," or to be more specific, "early life body weight 
predicts longevity" (13). Although, in rodents, this relationship is 
not always clear (14-17), a large analysis of laboratory rats and 
mice used for research in the twentieth century confirms these 



conclusions showing a negative correlation between maximum 
mature weight and maximum longevity (18). In other words, 
inside a single species, development, the rate and/or the extent of 
it, seems to be inversely related to longevity. A familiar species in 
which we can observe this relationship rather well is one that has 
been shaped for generations by human selective breeding, dogs. 
Breeds that grow to considerable size, probably in part because of 
high IGF-1 levels (19), tend to have shorter lifespans. For exam- 
ple, the Saint Bernard has an average lifespan just above 8 years, 
whereas the much smaller Chihuahua has an average life span of 
more than 10 years (20). Additionally, there are many mutations 
in mice in which small size is associated with increased longevity 
[for a review, see Ref. (21)]. Ames Dwarf mice, for example, which 
are homozygous for a recessive mutation in the Prop 1 gene that 
causes hypopituitarism, weigh about one-third that of wild type 
mice and show an average lifespan extension of -50% for males 
and 60% for females (22). Regarding hypopituitarism, we should 
add for completeness, that ablation of pituitary hormones is able 
to increase the lifespan of laboratory mice significantly even after 
complete development has been reached (23). Reasoning on what 
might explain the existence of such a trade-off between size and 
longevity, we have proposed the idea that the availability of time 
is key assets during development. A slower development (that can 
result, although not necessarily, in smaller adult size) means, at 
the cellular level, more time to complete every cell cycle (and of 
course fewer overall cell cycles in the case of smaller adult size). 
This should allow more time for error proofing in DNA synthesis 
and for damage repair, preserving the genome for longer periods 
and possibly extending lifespan (24). This relationship also has 
been observed in mice selectively bred for differences in the rate of 
body weight gain (25). More recently, in the short lived Berlin Fat 
Mouse Inbred line 860, it has been observed a highly significant 
inverse correlation between daily body weight gain and lifespan 
(26). Additionally, the trade-off between growth rate and longevity 
has been examined through experimental manipulation in fish. In 
three-spined sticklebacks, exposure to different temperature or 
photoperiod deflected normal growth trajectories. This induced 
catch-up or slowed-down growth that led to a reduced or extended 
lifespan, respectively (27). Finally, in a comprehensive analysis that 
used the AnAge database (28), postnatal growth rate and adult life 
span of 204 mammalian species are shown to be inversely and 
statistically significantly related (29). The same study reports also 
a positive and statistically significant relationship between time 
to sexual maturity and adult life span among 606 mammalian 
species, finding that is underlying again the importance of time 
during development. 

GROWTH AND LONGEVITY IN HUMANS 

Humans seem to not escape this inverse relationship. For example, 
baseball players weighing 80 or more kilograms have an aver- 
age lifespan of about 61 years, whereas those weighing 10 kg less 
have an average lifespan of about 66 years (30). The same rela- 
tionship has been observed between different ethnic groups living 
in California, where smaller size was associated with longer lifes- 
pan (30). However, mutations that extend lifespan in mice may 
not have the same impact in humans. Humans with a mutated 
PROP 1 gene (similar to the Ames Dwarf) described on the 
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Croatian island of Krk exhibit seriously compromised develop- 
ment. Although these individuals can reach advanced age, extreme 
longevity has not been reported (31, 32). From other available 
human studies, it appears that dwarfism, despite a reduced cancer 
risk (33), does not associate with increased lifespan [reviewed in 
Ref. (34)]. Studies analyzing human growth complicate the pic- 
ture, showing that stunted or reduced growth during childhood 
due to poor nutrition and/or a higher infection load is associated 
with a decrease in lifespan, not an increase (35, 36). Although 
longevity data from human dwarfism and child growth stud- 
ies suggest caution in drawing general conclusions, one possible 
hypothesis might be drawn from the studies thus far reviewed: 
factors with a positive effect on development, such as GH7IGF- 
1 and thyroid hormones, might negatively affect survival later 
in life. This could be an example of antagonistic pleiotropy (37) 
with beneficial effects on fitness early during lifespan and negative 
effects later. To this consideration, we should add that women are 
in average smaller than man and generally longer lived [reviews 
in Ref. (38)]. That size might partially account for the gender 
longevity benefit has in fact already been proposed (39, 40). Addi- 
tionally, centenarians tend to be shorter than non-centenarians 
at 30 years (41). Finally, nonagenarians with greater body weight 
tend to have skin fibroblasts with less residual proliferative capac- 
ity compared with their smaller contemporaries, suggesting that 
larger bodies use more cellular replicative capacity during devel- 
opment, leaving less replicative potential for tissue maintenance 
during adulthood (42). This last finding is more relevant for the 
present discussion if we consider that the major determinant for 
skin fibroblast replicative capacity among species is size and not 
longevity (43). 

This short overview of the relation between growth and 
longevity is of course incomplete. For more in depth reviews on 
the correlates between aging phenotypes and cellular phenotypes 
with a specific emphasis on cell proliferation, see Ref. (44, 45). 

LEANNESS AND LONGEVITY 
LEANNESS AND LONGEVITY IN RODENTS 

The development of adipose tissue may be dampened by either 
physical activity or CR. In fact, adipocyte hyperplasia is signif- 
icantly reduced if weight gain of Wistar rats is controlled by 
forced swimming or CR. If treatment is terminated in adulthood 
(28 weeks) and these animals begin to eat the same amount of 
food as sedentary control animals fed ad libitum throughout life, 
they will indeed significantly increase in weight, but will be unable 
to reach the same body weight as the control group, even at the 
advanced age of 62 weeks. This is mainly due to the reduced cellu- 
larity of adipose tissue during development caused by either of the 
two treatments (46). Masoro, studying Fischer 344 rats, reported 
that CR reduces the number of fat cells in fat depots when started 
soon after weaning or in adult life and that the capacity of CR 
to modulate fat cell number is maintained through most of the 
lifespan (47), indeed, differently from it seems to be the case in 
man (see below), in rats adipocytes numbers keeps on increasing 
even during adult life in ad libitum fed animals, at least this is 
the case for the Fisher 344 and the Wistar strains (46). Teillet and 
colleagues investigated the effect of CR on a lean strain of rats 
(WAG/Rij) and have concluded that food restriction initiated in 



adults most efficiently increases survival in rodents with a high 
spontaneous food intake (i.e., the majority of laboratory strains), 
but has a minor effect on lean strains (48). Liao et al. (6), measur- 
ing fat loss in 41 recombinant inbred strain of mice where CR was 
started in early adulthood (2-5 months of age), have obtained the 
opposite result. Strains with the least reduction in fat were more 
likely to show life extension after CR while those with the greatest 
fat reduction were more likely to undergo to lifespan shorten- 
ing. Rodents with specific mutations that affect the adipose tissue 
complicate even more the picture. Genetically obese ob/ob mice 
are extremely fat (67% ofbodyweight is fat) and shortlived. They 
have been calorically restricted by receiving an amount of food so 
that they maintained their weight at a similar level of ad libitum fed 
normal mice. Surprisingly, they resulted longer lived than ad libi- 
tum fed wild type mice, and had similar longevities of equally 
food-restricted wild type mice although still 48% of their body 
weight was fat (49). Genetically altered mice that lack white adi- 
pose tissue result short lived (50) or diseased (51), but mice with 
a mutation that ablates the insulin receptor in adipose tissue are 
extremely lean and live significantly longer than wild type con- 
trols (52). Summing up the reports here reviewed, it is difficult 
to indicate a clear relationship between leanness and longevity for 
rodents. 

LEANNESS AND LONGEVITY IN MONKEYS 

Studies in primates, of course, are of extreme relevance for under- 
standing human endocrinology. In free-ranging human fed rhesus 
monkeys of the Cayo Santiago island of the Caribbean Primate 
Research Center, it is possible to observe obesity with abdominal 
fat accumulation (53); this indicates that macaques may have the 
same natural propensity for central obesity as humans do. Two 
large CR studies are ongoing in rhesus monkeys; one at the Wis- 
consin National Primate Research Center (WNPRC) in Madison 
(54, 55) and one at the National Institutes on Aging (NIA) in 
Bethesda, MD, USA (56). The application of CR is quite differ- 
ent in the two studies. The WNPRC study is conceptually more 
similar to a rodent study of CR started in adulthood. Fully devel- 
oped monkeys assigned to the CR group were allowed free access 
to food for 3-6 months to determine their individual ad libitum 
intake. The CR diet consisted of their ad libitum intake reduced by 
30%. In the NIA study, the control group of monkeys, once adult 
received a diet that prevented the appearance of obesity; in other 
words, they were not fed ad libitum as in the majority of rodent 
studies and the WNPRC study. The NIA CR group received a 30% 
reduction in caloric intake of their obesity-preventing diet. The 
difference in diet protocol between the two studies had a signifi- 
cant impact on body weight. At 17 years, WNPRC males weighed 
about 12% more than corresponding NIA males. The difference 
for females was about 18%. 

Even with some monkeys still alive in both studies, expected 
overall results have been published. In the WNPRC study where 
CR monkeys weighed about 25% less than controls, mainly due 
to a reduction in body fat (57), a significant increase in aver- 
age and maximum lifespan is observed (55). In the NIA study 
where CR monkeys also weighed about 25% less than controls 
(58), no significant increase in average or maximum lifespan is 
expected (56). 
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LEANNESS AND LONGEVITY IN HUMAN 

In humans, the influence of body fat on health has been since 
long time under scrutiny. Thanks to the ease with which it can 
be calculated, BMI is one of the anthropometric measurements 
most commonly used in epidemiological studies to assess overall 
body fat. However, its limitations are well known. For example, 
the BMI of an athlete may be in the range of obesity even if the 
subject has an exceptionally low percentage of body fat, due to 
the weight of a large lean body mass. In other words, BMI gives 
a very imprecise estimate of a person's physical activity level, the 
importance of which has been since quite some time recognized in 
contributing to a successful aging (59) and can indeed significantly 
increase survival ( 1 1 ); for a recent discussion on the limits of BMI, 
see Ahima and Lazar (60). Notwithstanding these limitations, for 
large cohorts, BMI gives a good representation of leanness or lack 
thereof in a population (61 ). A recent, very large meta-analysis has 
shaken the epidemiological community by showing that the lowest 
inflection point for the BMI-mortality curve (its nadir) lays in the 
overweight range (62). Discussion is ongoing among epidemiolo- 
gists on this topic, some time referred to as the "obesity-mortality 
paradox." There are several confounding factors, in fact, to con- 
sider: for example, smokers tend to weigh less but have higher 
mortality (63); some chronic diseases may induce weight loss; the 
frail elderly with higher risk of death may also experience weight 
loss, etc. For a recent detailed review on this point, see Fontana and 
Hu (64). The issues of determining which of the two categories, 
normal or overweight, have the lowest mortality is of course highly 
relevant for the present discussion. However, even if we disregard 
this issue and observe the shape of the mortality curves with a 
higher resolution of the BMI scale that the one offered by the 



standard BMI categories, the difficulty of reconciling CR animal 
data with human epidemiological data becomes apparent. Start- 
ing from what is well known, it is clear that being underweight 
is associated with increased mortality and consequently reduced 
life expectancy. For example, from survival curves of patients with 
anorexia nervosa, it can be calculated that a person suffering from 
this disorder since the age of 15 years will endure a life-shortening 
effect of 25 years (65). What is not clear is where exactly the nadir of 
the curve lays and which curve should be used as reference for pol- 
icy making decisions regarding social health. Of course, there are 
several important factors to keep in mind. For example, the nadir 
differs based on age. Andres (66) reported a rise in BMI from 21.4 
for people aged 20-29 years to 26.6 for those aged 60-69 years. In 
another study, Matsuo et al. (67) reported an -two-point increase 
in BMI moving from the 40- to 59-year age group to the 60- to 
79-year group in both men and women. Additionally, data show- 
ing that the nadir for women tends to be lower than that of men 
(68) suggest that BMI categories should be different according 
to gender. Finally, the use of different reference curves might be 
appropriate based on ethnicity [on this last point, see for example, 
the studies listed in Table 1 and Ref. (69)] . Notwithstanding these 
complications, from the epidemiological literature it appears that 
the nadir of the curve does not lay in the middle of the normal 
range, but tends to lay near its upper limit if not above it, as pre- 
viously mentioned. See Table 1 for an incomplete list of studies in 
which the BMI-mortality curve rise descending the normal range 
from 24.9 to 18.5. 

An important question that gerontologists and epidemiologists 
should try to answer together is the following: "people who volun- 
tarily choose a CR regimen and are already within a normal BMI 



Table 1 | Studies showing increasing mortality with decreasing BMI inside the normal BMI range (18.5-24.9). 



Study title 



Association of all-cause mortality with overweight and 
obesity using standard body mass index categories: a 
systematic review and meta-analysis 

Body mass index and mortality among 1.46 million white 
adults 

Body mass index and cause-specific mortality in 900 000 
adults: collaborative analysis of 57 prospective studies 

Shape of the BMI-mortality association by cause of death, 
using generalized additive models: NHIS 1986-2006 

Body mass index and mortality in China: a 15-year 
prospective study of 220,000 men 

Body mass index and mortality: results of a cohort of 
184,697 adults in Austria 

Body weight and mortality among men and women in China 

BMI and all-cause mortality among Japanese older adults: 
findings from the Japan collaborative cohort study 



Size of population 
analyzed (millions) 



Notes 



Reference 



1.46 
0.9 

0.26 

0.22 

0.18 

0.17 
0.027 



Meta-analysis of 97 studies 



Meta-analysis of 19 studies, 
non-Hispanic white participants 

Meta-analysis of 57 studies, 
participants mainly of western 
Europe and North America 



Flegal etal. (62) 



Berrington de Gonzalez 
etal. (70) 

Prospective Studies 
Collaboration et al. (9) 



Non-Hispanic white participants Zajacova and Burgard (7 1 ) 



Chinese cohort 

Austrian cohort 

Chinese cohort 
Japanese cohort 



Chen etal. (72) 

Klenketal. (73) 

Gu et al. (74) 
Tamakoshi et al. (75) 
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range, let us say its upper half, are increasing their longevity or 
their mortality?" Indeed, when glancing on reports about members 
of the Calorie Restriction Society, or CRONies (Calorie Restric- 
tion with Optimal Nutrition) as they call themselves, we should 
consider their BMI. In one of the longest studies available, for 
example, where subject were monitored for a period of 6 years, 28 
weight-stable CRONies had an average BMI of 19.7, and they were 
compared with 28 age-matched subjects on a typical western diet 
who had an average BMI of 25.6 and served as the control group 
(76). These two groups, for example, had BMI values that quite 
precisely spanned the normal BMI range. If these two groups of 
persons will keep their body weight constant for the future, what 
could we predict regarding their longevity? Using as guidance stud- 
ies like the ones reported in Table 1, we should conclude that the 
control group should experience a lower mortality. Instead, using 
as guidance the generally accepted idea that CR extend laboratory 
animals life span together with the few available prospective stud- 
ies where persons who were leaner in youth or in midlife resulted 
longer lived (77, 78), we should conclude that the CRONies will 
actually experience decrease mortality and extended longevity. 

To complete this short overview on human leanness, we should 
mention that recent data on body fat cellularity indicate that 
humans may behave as rodents during development (i.e., more 
available calories - more adipocytes), but a little differently in 
adulthood. Spalding et al. (79) reported that -10% of fat cells are 
renewed annually in adults at every BMI level in humans. How- 
ever, the number of fat cells remains constant in adulthood in both 
lean and obese individuals, and obese individuals that undergo 
bariatric surgery lose a significant amount of weight and body fat, 
but not fat cell number. 

WILD AND HYPOTHETICAL CONSIDERATIONS 
WILD CONSIDERATIONS 

Wild mice housed in the laboratory for four generations under 
ad libitum conditions eat less than control mice of several strains 
used in CR experiments (80) and when these wild mice are sub- 
jected to CR, they do not benefit from extended longevity (81). 
Wild rhesus monkeys in their habitat result lighter even then CR 
monkeys of the NIA andWNPRC studies described above (82) and 
at least for the WNPRC study, the difference in weight between the 
CR and ad libitum groups is more a result of weight gain in the 
control monkeys than weight loss in CR monkeys (83). Altmann 
and colleagues report that baboons with accessible abundance of 
food had in average a 23.2% of body fat while wild-feeding animals 
had only a scarce 1.9% (84). Young adult WNPRC Rhesus monkeys 
have average body fat above 10% already at the beginning of the 
study (85). The percent of body fat of these monkeys then quickly 
increases during their adult life; and this it does happen, although 
in a lesser degree, even in the CR animals; for the majority of their 
adult life, indeed, body fat appears to be around: 30% for control 
males, 20% for CR males, 20% for control females, and 13% for 
CR females (57). 

These data suggest that laboratory strains of rodents have 
been inadvertently selected for higher caloric intake and con- 
sequently for higher percent of body fat (80). An interesting 
meta-analysis on the universality of CR among all tested species 
suggests that this husbandry selection bias could explain why the 



mot significant effects of CR are observed in models species: mice 
and rats, Drosophila melanogaster, Caenorhabditis elegans, and Sac- 
charomyces cerevisiae (3). The sedentariness imposed by the close 
confinement of captivity also may contribute to a higher percent 
of body fat because energy expenditure may not be correctly bal- 
anced with food consumption; at least this is true in male rats (46, 
86, 87). For monkeys, in addition to low energy expenditure, we 
should consider that in the WNPRC and NIA studies the animals 
are housed individually and in very small cages [in the WNPRC 
study, cage volume is of 0.66 m 3 (88)]. Social isolation may over- 
stimulate food consumption as a compensatory mechanism of the 
reward limbic system due to life conditions that can understand- 
ably carry intelligent animals toward depression. Indeed Luppino 
et al. (89), in a recent meta-analysis, conclude that obesity and 
depression are reciprocally predictive. Finally, in northern Tanza- 
nia, the Hadza, who are one of the last remaining human hunting 
and gathering communities of the world have an average BMI of 
20.2 for man and 20.4 for woman (90). 

HYPOTHETICAL CONSIDERATIONS 

Considering all of the above and adding that WNPRC male control 
monkeys weigh about 9% more than the average of captive mon- 
key housed in research facilities across the US [see Ref. (55); and 
the iPAD database http://ipad.primate.wisc.edu] , we may consider 
a control monkey of the WNPRC study as equivalent to a moder- 
ately obese man. Then, using the available data from the monkey 
studies [see Supplementary Table 2 of (56) and reference there in] , 
propose the following speculation. Consider a 1.7 m tall reference 
man weighing 70 kg (91) with a BMI of 24.2 (in the upper half of 
the normal range). Then, imagine him obese, for example, 90 kg 
with aBMIof31.1. We can use this man as the "man equivalent" of 
the WNPRC control monkey. The WNPRC CR "man equivalent" 
will weigh 25% less and consequently, will have a BMI of 23.4 (still 
in the upper half of the normal weight category). WNPRC male 
monkeys weighed -12% more than corresponding NIA males so 
the control "man equivalent" of the NIA study will have a BMI 
of 27.7 and be in the overweight category. CR in the NIA study 
reduces body weight by 25%, so the NIA CR "man equivalent" 
will have a BMI of 20.8 (in the lower half of the normal weight 
category). Recapping and considering the recent literature on the 
relation between mortality and human BMI, it is possible to sug- 
gest that the WNPRC study showed a significant health advantage 
of the CR monkeys as a significant advantage can be effectively 
observed between obesity and normal weight in all-cause mortal- 
ity in the vast majority of epidemiological human studies. On the 
other end, CR on the NIA monkeys fails to show a clear life span 
benefit as several human studies fails to show a clear advantage 
between the overweight category and the first half of the nor- 
mal weight range (see an explicative scheme of this argument in 
Figure 1 ) . In pondering this hypothetical parallel between humans 
and Rhesus monkey, let us consider also that only 10% of CR is 
equivalent to a restriction of 25% in increasing rats' life span (92). 

Of course, this is just one possible explanation in trying to 
reconcile animal data on CR and human epidemiological studies. 
It is an explanation that brings us back to a not new considera- 
tion: the one that caged animals with ad libitum feeding should 
be considered to be in an "obesogenic" instead of in a "normal" 
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or "control" condition (93), a concept more recently reviewed by 
Martin et al. (94). The hope of this short review is that more in 
depth analysis will follow on this important matter. To better inter- 
pret animal CR studies, for instance, it could be useful to generate 
(for monkeys, for example, using resources such the iPAD just 
mentioned), mortality versus % body fat or mortality versus BMI 
curves for ad libitum fed control animals. Indeed, reference body 
composition values for adult rhesus monkeys have been already 
proposed (95). 

ACKNOWLEDGMENTS 

I am grateful to Leslie and Christian Sell and to Eleonora Croco 
for their valuable input and help in the revision of the manuscript. 

REFERENCES 

1. McCay CM, Crowell MF, Maynard LA. The effect of retarded growth upon the 
length of life span and upon the ultimate body size. J Nutr (1935) 10:63-79. 

2. Weindruch R. The retardation of aging by caloric restriction: studies 
in rodents and primates. Toxicol Pathol (1996) 24(6):742-5. doi:10.1177/ 
019262339602400618 

3. Nakagawa S, Lagisz M, Hector KL, Spencer HG. Comparative and meta-analytic 
insights into life extension via dietary restriction. Aging Cell (2012) 11(3):4Q1— 9. 
doi:10.1111/j.l474-9726.2012.00798.x 

4. Liao CY, Rikke BA, Johnson TE, Diaz V, Nelson JR Genetic variation in the 
murine lifespan response to dietary restriction: from life extension to life short- 
ening. Aging Cell (2010) 9(l):92-5. doi:10.1111/j.l474-9726.2009.00533.x 

5. Rikke BA, Battaglia ME, Allison DB, Johnson TE. Murine weight loss exhibits 
significant genetic variation during dietary restriction. Physiol Genomics (2006) 
27(2) : 122-30. doi: 10. 1 1 52/physiolgenomics.00068.2006 

6. Liao CY, Rikke BA, Johnson TE, Gelfond JA, Diaz V, Nelson JF. Fat maintenance 
is a predictor of the murine lifespan response to dietary restriction. Aging Cell 
(2011) 10(4):629-39. doi:10.1111/j.l474-9726.2011.00702.x 

7. Eknoyan G. Adolphe Quetelet (1796-1874) - the average man and indices of 
obesity. NephrolDial Transplant (2007) 23(1):47-51. doi:10.1093/ndt/gfm517 

8. Robertson HT, de los Campos G, Allison DB. Turning the analysis of obesity- 
mortality associations upside down: modeling years of life lost through condi- 
tional distributions. Obesity (Silver Spring) (2013) 21(2):398-404. doi:10.1002/ 
oby.20019 

9. Prospective Studies Collaboration; Whitlock G, Lewington S, Sherliker P, Clarke 
R, Emberson J, et al. Body-mass index and cause-specific mortality in 900 
000 adults: collaborative analyses of 57 prospective studies. Lancet (2009) 
373(9669):1083-96. doi:10.1016/S0140-6736(09)60318-4 

10. Solon-Biet SM, McMahon AC, Ballard JW, Ruohonen K, Wu LE, Cogger VC, et al. 
The ratio of macronutrients, not caloric intake, dictates cardiometabolic health, 
aging, and longevity in ad libitum-fed mice. Cell Metab (2014) 19(3):418-30. 
doi:10.1016/j.cmet.2014.02.009 

11. Kokkinos P, Myers J, Kokkinos JP, Pittaras A, Narayan P, Manolis A, et al. 
Exercise capacity and mortality in black and white men. Circulation (2008) 
117(5):614-22. doi:10.1161/CIRCULATIONAHA.107.734764 

12. Buffenstein R. Chapter 8, Exploiting natural variation in life span to evaluate 
mechanisms of aging. In: Sell C, Lorenzini A, Brown-Borg HM, editors. Life- 
span Extension: Single-Cell Organisms to Man. New York, NY: Springer (2009). 
p. 133-9. 

13. Miller RA, Harper JM, Galecki A, Burke DT. Big mice die young: early life body 
weight predicts longevity in genetically heterogeneous mice. Aging Cell (2002) 
1:22-9. doi:10.1046/j. 1474- 9728.2002.00006.x 

14. Anisimov VN, Arbeev KG, Popovich IG, Zabezhinksi MA, Rosenfeld SV, 
Piskunova TS, et al. Body weight is not always a good predictor of longevity 
in mice. Exp Gerontol (2004) 39(3):305-19. doi:10.1016/j.exger.2004.02.004 

15. Yu BP, Masoro EJ, Murata I, Bertrand HA, Lynd FT. Life span study of SPF 
Fischer 344 male rats fed ad libitum or restricted diets: longevity, growth, lean 
body mass and disease. / Gerontol (1982) 37(2):130-41. doi:10.1093/geronj/37. 
2.130 

16. Storer JB. Relation of lifespan to brain weight, body weight, and metabolic rate 
among inbred mouse strains. Exp Gerotol (1967) 2:173-82. doi:10. 1016/0531- 
5565(67)90033-2 



17. Gartner K. Life expectancy, its relation to sexual activity and body weight in 
male inbred mice. J Exp Anim Sci (1992) 35(3):125-35. 

18. Rollo CD. Growth negatively impacts the life span of mammals. EvolDev (2002) 
4(l):55-61.doi:10.1046/j.l525-142x.2002.01053.x 

19. Greer KA, Hughes LM, Masternak MM. Connecting serum IGF-1, body size, 
and age in the domestic dog. Age (Dordr) (2011) 33(3):475-83. doi:10.1007/ 
S11357-010-9182-4 

20. Li Y, Deeb B, Pendergrass W, Wolf N. Cellular proliferative capacity and life span 
in small and large dogs. / Gerontol A Biol Sci Med Sci (1996) 51A(6):B403-8. 
doi:10.1093/gerona/51A.6.B403 

21. Brown-Borg HM, Sharma S, Borg KE, Rakoczy SG. Chapter 7, Growth hor- 
mone and aging in mice. In: Sell C, Lorenzini A, Brown-Borg HM, editors. Life- 
span Extension: Single-Cell Organisms to Man. New York, NY: Springer (2009). 
p. 115-30. 

22. Brown-Borg HM, Borg KE, Meliska CJ, Bartke A. Dwarf mice and the ageing 
process. Nature (1996) 384:33. doi:10.1038/384033a0 

23. Powers RW III, Harrison DE, Flurkey K. Pituitary removal in adult mice 
increases life span. Mech Ageing Dev (2006) 127(8):658-9. doi:10.1016/j.mad. 
2006.03.003 

24. Lorenzini A, Stamato T, Sell C. The disposable soma theory revisited: time 
as a resource in the theories of aging. Cell Cycle (2011) 10(22):3853-6. 
doi:10.4161/cc.l0.22.18302 

25. Miller RA, Chrisp C, Atchley W. Differential longevity in mouse stocks 
selected for early life growth trajectory. / Gerontol A Biol Sci Med Sci (2000) 
55(9):B455-61. doi:10.1093/gerona/55.9.B455 

26. Wagener A, Muller U, Brockmann GA. The age of attaining highest body weight 
correlates with lifespan in a genetically obese mouse model. Nutr Diabetes (2013) 
3:e62. doi:10.1038/nutd.2013.4 

27. Lee W-S, Monaghan P, Metcalfe NB. Experimental demonstration of the growth 
rate-lifespan trade-off. Proc R Soc B (2013) 280:20122370. doi:10.1098/rspb. 
2012.2370 

28. Tacutu R, Craig T, Budovsky A, Wuttke D, Lehmann G, Taranukha D, etal. 
Human ageing genomic resources: integrated databases and tools for the 
biology and genetics of ageing. Nucleic Acids Res (2013) 41(Dl):D1027-33. 
doi:10.1093/nar/gksll55 

29. de Magalhaes JP, Costa J, Church GM. An analysis of the relationship between 
metabolism, developmental schedules, and longevity using phylogenetic inde- 
pendent contrasts. / Gerontol A Biol Sci Med Sci (2007) 62(2):149-60. doi:10. 
1093/gerona/62.2.149 

30. Samaras TT, Storms LH, Elrick H. Longevity, mortality and body weight. Ageing 
Res Rev (2002) 1:673-91. doi:10.1016/Sl568- 1637(02)00029-6 

31. Krzisnik C, Kolacio Z, Battelino T, Brown M, Parks JS, Laron Z. The "little peo- 
ple" of the island of Krk - revisited. Etiology of hypopituitarism revealed. / 
Endocr Genet (1999) 1:9-19. 

32. Krzisnik C, Grguric S, Cvijovic K, Laron Z. Longevity of the hypopituitary 
patients from the island Krk: a follow-up study. Pediatr Endocrinol Rev (2010) 
7(4):357-62. 

33. Steuerman R, Shevah O, Laron Z. Congenital IGF1 deficiency tends to confer 
protection against post-natal development of malignancies. Eur } Endocrinol 
(2011) 164(4):485-9. doi:10.1530/EJE- 10-0859 

34. Bartke A. Healthy aging: is smaller better? A mini-review. Gerontology (2012) 
58(4):337-43. doi:10.1159/000335166 

35. Clark GA, Hall NR, Armelagos GJ, Borkan GA, Panjabi MM, Wetzel FT. Poor 
growth prior to early childhood: decreased health and life-span in the adult. Am 
] Phys Anthropol (1986) 70(2):145-60. doi:10.1002/ajpa.l330700202 

36. Crimmins EM, Finch CE. Infection, inflammation, height, and longevity. Proc 
Natl Acad Sci USA (2006) 103(2):498-503. doi:10.1073/pnas.0501470103 

37. Williams GC. Pleiotropy, natural selection, and the evolution of senescence. 
Evolution (1957) 11:398-411. doi: 10.2307/2406060 

38. Austad SN. Why women live longer than men: sex differences in longevity. Gend 
Med (2006) 3{2):79-92. doi:10.1016/S1550-8579(06)80198- 1 

39. Stindl R. Tying it all together: telomeres, sexual size dimorphism and the gender 
gap in life expectancy. Med Hypotheses (2004) 62(l):151-4. doi:10.1016/S0306- 
9877(03)00316-5 

40. Samaras TT, Elrick H, Storms LH. Is height related to longevity? Life Sci (2003) 
72(16):1781-802. doi:10.1016/S0024-3205(02)02503- 1 

41. Gavrilov LA, Gavrilova NS. Biodemography of exceptional longevity: early-life 
and mid-life predictors of human longevity. Biodemography Soc Biol (2012) 
58(l):14-39. doi:10.1080/19485565.2012.666121 



Frontiers in Endocrinology | Endocrinology of Aging July 2014 | Volume 5 | Article 121 | 6 



Lorenzini 



Reconciling CR-longevity data with BMI-mortality data 



42. Maier AB, van Heemst D, Westendorp RG. Relation between body height and 
replicative capacity of human fibroblasts in nonagenarians. / Gerontol A Biol Set 
MedSci (2008) 63(l):43-5. doi:10.1093/gerona/63.1.43 

43. Lorenzini A, Tresini M, Austad SN, Cristofalo VJ. Cellular replicative capacity 
correlates primarily with species body mass not longevity. Mech Ageing Dev 
(2005) 126:1130-3. doi:10.1016/j.mad.2005.05.004 

44. de Magalhaes JP, Faragher RG. Cell divisions and mammalian aging: inte- 
grative biology insights from genes that regulate longevity. Bioessays (2008) 
30(6):567-78. doi:10.1002/bies.20760 

45. de Magalhaes JR How ageing processes influence cancer. Nat Rev Cancer (2013) 
13(5):357-65. doi:10.1038/nrc3497 

46. Oscai LB, Babirak SP, Dubach FB, McGarr JA, Spirakis CN. Exercise or food 
restriction: effect on adipose tissue cellularity. Am J Physiol (1974) 227:901-4. 

47. Masoro EJ. Aging and proliferative homeostasis: modulation by food restriction 
in rodents. LabAnim Sci (1992) 42(2):132-7. 

48. Teillet L, Gouraud S, Corman B. Does food restriction increase life span in lean 
rats? J Nutr Health Aging (2004) 8(4):213-8. 

49. Harrison DE, Archer JR, Astle CM. Effects of food restriction on aging: separa- 
tion of food intake and adiposity. Proc Natl Acad Sci USA (1984) 81(6):1835-8. 
doi:10.1073/pnas.81.6.1835 

50. Moitra J, Mason MM, Olive M, Krylov D, Gavrilova O, Marcus-Samuels B, et al. 
Life without white fat: a transgenic mouse. Genes Dev (1998) 12(20):3168-81. 
doi:10.1101/gad.l2.20.3168 

51. Shimomura I, Hammer RE, Richardson JA, Ikemoto S, Bashmakov Y, Goldstein 
JL, et al. Insulin resistance and diabetes mellitus in transgenic mice expressing 
nuclear SREBP-lc in adipose tissue: model for congenital generalized lipodys- 
trophy. GenesDev (1998) 12(20):3182-94. doi:10.1101/gad.l2.20.3182 

52. Bliiher M, Kahn BB, Kahn CR. Extended longevity in mice lacking the insulin 
receptor in adipose tissue. Science (2003) 299(5606):572-4. doi:10.1126/science. 
1078223 

53. Schwartz SM, Kemnitz J W. Age- and gender- related changes in body size, adipos- 
ity, and endocrine and metabolic parameters in free-ranging rhesus macaques. 
Am J Phys Anthropol (1992) 89:109-21. doi: 10. 1002/ajpa. 13308901 10 

54. Colman RJ, Anderson RM, Johnson SC, Kastman EK, Kosmatka KJ, Beasley TM, 
et al. Caloric restriction delays disease onset and mortality in rhesus monkeys. 
Science (2009) 325(5937):201-4. doi:10.1126/science.H73635 

55. Colman RJ, Beasley TM, Kemnitz JW, Johnson SC, Weindruch R, Anderson 
RM. Caloric restriction reduces age-related and all-cause mortality in rhesus 
monkeys. Nat Commun (2014) 5:3557. doi:10.1038/ncomms4557 

56. Mattison JA, Roth GS, Beasley TM, Tilmont EM, Handy AM, Herbert RL, et al. 
Impact of caloric restriction on health and survival in rhesus monkeys from the 
NIA study. Nature (2012) 489:318-21. doi:10.1038/naturell432 

57. Colman RJ, Anderson RM. Nonhuman primate calorie restriction. Antioxid 
RedoxSignal (2011) 14(2):229-39. doi:10.1089/ars.2010.3224 

58. Mattison JA, Black A, Huck J, Moscrip T, Handy A, Tilmont E, et al. Age-related 
decline in caloric intake and motivation for food in rhesus monkeys. Neurobiol 
Aging (2005) 26:1117-27. doi:10.1016/j.neurobiolaging.2004.09.013 

59. Rowe JW, Kahn RL. Successful Aging. New York, NY: Pantheon Book (1998). 

60. Ahima RS, Lazar MA. The health risk of obesity - better metrics imperative. 
Science (2013) 341(6148):856-8. doi:10.1126/science.l241244 

61 . Romero-Corral A, Somers VK, Sierra- Johnson J, Thomas RJ, Collazo-Clavell ML, 
Korinek J, et al. Accuracy of body mass index in diagnosing obesity in the adult 
general population. IntJObes (2008) 32(6):959-66. doi:10.1038/ijo.2008.11 

62. Flegal KM, Kit BK, Orpana H, Graubard BI. Association of all-cause mortal- 
ity with overweight and obesity using standard body mass index categories: 
a systematic review and meta-analysis. / Am Med Assoc (2013) 309:71-82. 
doi:10.1001/jama.2012.113905 

63. Manson JE, Stampfer MJ, Hennekens CH, Willett WC. Body weight and 
longevity. A reassessment. JAMA (1987) 257(3):353-8. doi:10.1001/jama.257. 
3.353 

64. Fontana L, Hu FB. Optimal body weight for health and longevity: bridg- 
ing basic, clinical, and population research. Aging Cell (2014) 13(3):391-400. 
doi:10.1111/acel.l2207 

65. Harbottle EJ, Birmingham CL, Sayani F. Anorexia nervosa: a survival analysis. 
Eat Weight Disord (2008) 13(2):e32-4. 

66. Andres R. Discussion: assessment of health status, p. 135. In: Bouchard C, Shep- 
hard RJ, Stephens T, Sutton JR, editors. Exercise, Fitness, and Health: A Consensus 
of Current Knowledge. Champaign, IL: Human Kinetics Publisher, Inc (1990). 
720 p. 



67. Matsuo T, Sairenchi T, Iso H, Irie F, Tanaka K, Fukasawa N, et al. Age- and gender- 
specific BMI in terms of the lowest mortality in Japanese general population. 
Obesity (Silver Spring) (2008) 16(10):2348-55. doi:10.1038/oby.2008.342 

68. Wong ES, Wang BC, Garrison LP, Alfonso-Cristancho R, Flum DR, Arterburn 
DE, et al. Examining the BMI-mortality relationship using fractional polynomi- 
als. BMC Med Res Methodol (2011) 28(11):175. doi:10.1 186/1471-2288- 11- 175 

69. Park Y, Wang S, Kitahara CM, Moore SC, Berrington de Gonzalez A, Bernstein L, 
et al. Body mass index and risk of death in Asian Americans. Am J Public Health 
(2014) 104(3):520-5. doi:10.2105/AJPH.2013.301573 

70. Berrington de Gonzalez A, Hartge P, Cerhan JR, Flint AJ, Hannan L, Maclnnis 
RJ, et al. Body-mass index and mortality among 1.46 million white adults. N 
Engl JMed (2010) 363(23):2211-9. doi:10.1056/NEJMoal000367 

71. Zajacova A, Burgard SA. Shape of the BMI-mortality association by cause 
of death, using generalized additive models: NHIS 1986-2006. J Aging Health 
(2012) 24(2):191-211. doi:10.1177/0898264311406268 

72. Chen Z, Yang G, Offer A, Zhou M, Smith M, Peto R, et al. Body mass index and 
mortality in China: a 15-year prospective study of 220 000 men. Int ] Epidemiol 
(2012) 41(2):472-81. doi:10.1093/ije/dyr208 

73. Klenk J, Nagel G, Ulmer H, Strasak A, Concin H, Diem G, et al. Body mass index 
and mortality: results of a cohort of 184,697 adults in Austria. Eur J Epidemiol 
(2009) 24(2):83-91. doi:10.1007/sl0654-009-9312-4 

74. Gu D, He J, Duan X, Reynolds K, Wu X, Chen J, et al. Body weight and 
mortality among men and women in China. JAMA (2006) 295(7):776-83. 
doi:10.1001/jama.295.7.776 

75. Tamakoshi A, Yatsuya H, Lin Y, Tamakoshi K, Kondo T, Suzuki S, et al. 
BMI and all-cause mortality among Japanese older adults: findings from the 
Japan collaborative cohort study. Obesity (Silver Spring) (2010) 18(2):362-9. 
doi:10.1038/oby.2009.190 

76. Fontana L, Weiss EP, Villareal DT, Klein S, Holloszy JO. Long-term effects of 
calories or protein restriction on serum IGF-1 and IGFBP-3 concentration in 
humans. Aging Cell (2008) 7:681-7. doi:10.1111/j.l474-9726.2008.00417.x 

77. Willcox BJ, He Q, Chen R, Yano K, Masaki KH, Grove JS, et al. Midlife 
risk factors and healthy survival in men. JAMA (2006) 296(19):2343-50. 
doi:10.1001/jama.296.19.2343 

78. Sun Q, Townsend MK, Okereke OI, Franco OH, Hu FB, Grodstein F. Adipos- 
ity and weight change in mid-life in relation to healthy survival after age 70 
in women: prospective cohort study. BMJ (2009) 339:b3796. doi:10.1136/bmj. 
b3796 

79. Spalding KL, Arner E, Westermark PO, Bernard S, Buchholz BA, Bergmann O, 
et al. Dynamics of fat cell turnover in humans. Nature (2008) 453(7196):783-7. 
doi:10.1038/nature06902 

80. Austad SN, Kristan DM. Are mice calorically restricted in nature? Aging Cell 
(2003) 2:201-7. doi:10.1046/j.l474-9728.2003.00053.x 

8 1 . Harper JM, Leathers CW, Austad SN. Does caloric restriction extend life in wild 
mice? Aging Cell (2006) 5(6):441-9. doi:10.1111/j.l474-9726.2006.00236.x 

82. Leutenegger W, Cheverud J. Correlates of sexual dimorphism in primates: 
ecological and size variables. Int J Primatol (1982) 3:387-402. doi:10.1007/ 
BF02693740 

83. Ramsey JJ, Colman RJ, Binkley NC, Christensen JD, Gresl TA, Kemnitz JW, et al. 
Dietary restriction and aging in rhesus monkeys: the University of Wisconsin 
study. Exp Gerontol (2000) 35:1131-49. doi:10.1016/S0531-5565(00)00166-2 

84. Altmann J, Schoelle D, Altmann S, Muruthi P, Sapolsky RM. Body size and 
fatness of free-living baboons reflect food availability and activity levels. Am J 
Primatol (1993) 30:149-61. doi:10.1002/ajp.l350300207 

85. Colman RJ, Roecker EB, Ramsey JJ, Kemnitz JW. The effect of dietary restriction 
on body composition in adult male and female rhesus macaques. Aging (Milano) 
(1998) 10(2):83-92. 

86. Holloszy JO, Schechtman KB. Interactions between exercise and food restriction: 
effects on longevity of male rats. / Appl Physiol (1991) 70:1529-35. 

87. Holloszy JO, Smith EK, Vining M, Adams S. Effect of voluntary exercise on 
longevity of rats. J Appl Physiol (1985) 59:826-31. 

88. Raman A, Ramsey JJ, Kemnitz JW, Baum ST, Newton W, Colman RJ, et al. Influ- 
ences of calorie restriction and age on energy expenditure in the rhesus monkey. 
Am J Physiol Endocrinol Metab (2007) 292:E101-6. doi:10.1152/ajpendo.00127. 
2006 

89. Luppino FS, de Wit LM, Bouvy PF, Stijnen T, Cuijpers P, Penninx BW, et al. 
Overweight, obesity, and depression: a systematic review and meta-analysis 
of longitudinal studies. Arch Gen Psychiatry (2010) 67(3):220-9. doi:10.1001/ 
archgenpsychiatry.2010.2 



www.frontiersin.org 



July 2014 | Volume 5 | Article 121 7 



Lorenzini 



Reconciling CR-longevity data with BMI-mortality data 



90. Marlowe FW, Berbesque JC. Tubers as fallback foods and their impact on Hadza 
hunter-gatherers. Am J Phys Anthropol (2009) 140(4):751-8. doi:10.1002/ajpa. 
21040 

91. Report of the Task Group. Reference Man: A Report. New York, NY: Pergamon 
Press (1975). 

92. Duffy PH, Seng JE, Lewis SM, Mayhugh MA, Aidoo A, Hattan DG, et al. The 
effects of different levels of dietary restriction on aging and survival in the 
Sprague-Dawley rat: implications for chronic studies. Aging (Milano) (2001) 
13(4):263-72. 

93. Doll R, Peto R. The causes of cancer quantitative estimates of avoidable risks of 
cancer in the United States today. J Natl Cancer Inst (1981) 66(1 191-1308):1981. 

94. Martin B, Sunggoan J, Maudsley S, Mattson MP. "Control" laboratory rodents 
are metabolically morbid: why it matters. Proc Natl Acad Set USA (2010) 
107:6127-33. doi:10.1073/pnas.0912955107 

95. Raman A, Colman RJ, Cheng Y, Kemnitz JW, Baum ST, Weindruch R, et al. 
Reference body composition in adult rhesus monkeys: glucoregulatory and 
anthropometric indices. / Gerontol A Biol Sci Med Sci (2005) 60(12):1518-24. 
doi:10.1093/gerona/60.12.1518 



Conflict of Interest Statement: The author declares that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest. 

Received: 1 1 May 2014; paper pending published: 03 June2014; accepted: 10 July 2014; 
published online: 30 July 2014. 

Citation: Lorenzini A (2014) How much should we weigh for a long and healthy life 
span? The need to reconcile caloric restriction versus longevity with body mass index 
versus mortality data. Front. Endocrinol. 5:121. doi: 10. 3389/fendo. 2014. 00121 
This article was submitted to Endocrinology of Aging, a section of the journal Frontiers 
in Endocrinology. 

Copyright © 2014 Lorenzini. This is an open-access article distributed under the terms 
of the Creative Commons Attribution License (CC BY). The use, distribution or repro- 
duction in other forums is permitted, provided the original author(s) or licensor are 
credited and that the original publication in this journal is cited, in accordance with 
accepted academic practice. No use, distribution or reproduction is permitted which 
does not comply with these terms. 



Frontiers in Endocrinology | Endocrinology of Aging 



July 2014 | Volume 5 | Article 121 | 8 



